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The potential role of coupled biophysical models in enhancing the conservation, management, and recovery of ﬁsh stocks is assessed,
with emphasis on anchovy, cod, herring, and sprat in European waters. The assessment indicates that coupled biophysical models are
currently capable of simulating transport patterns, along with temperature and prey ﬁelds within marine ecosystems; they therefore
provide insight into the variability of early-life-stage dynamics and connectivity within stocks. Moreover, the inﬂuence of environ-
mental variability on potential recruitment success may be discerned from model hindcasts. Based on case studies, biophysical model-
ling results are shown to be capable of shedding light on whether stock management frameworks need re-evaluation. Hence, key
modelling products were identiﬁed that will contribute to the development of viable stock recovery plans and management strategies.
The study also suggests that approaches combining observation, process knowledge, and numerical modelling could be a promising
way forward in understanding and simulating the dynamics of marine ﬁsh populations.
Keywords: adaptive management strategies, applicability of biophysical models, collapsed ﬁsh stocks, early-life-stage survival, environmental
variability.
Introduction
Greater biological realism is required in how fish stocks are
assessed and managed (Morgan, 2008; Nash et al., 2008; Ko¨ster
et al., 2009), particularly as the ecosystem approach to fisheries
management becomes more widely adopted (Rice, 2009).
However, accounting for more complexity could increase the
uncertainty related to modelling and might not necessarily result
in an improvement in management practice. Accounting for
increased biological complexity could be detrimental if
cause-and-effect relationships are not clearly described and/or
understood (Basson, 1999; De Oliveira et al., 2006).
A potential pitfall of considering process information in fish-
eries management is that such information often complicates the
understanding of relationships within marine ecosystems.
However, coupled biophysical models that account for spatial
and temporal dynamics provide insight into the basic physical
and ecological processes within these systems and attempt to rep-
resent the spatio-temporal nature of such processes, without
assuming that past system dynamics reflect future dynamics
(Gallego et al., 2007). We evaluate and discuss whether coupled
biophysical models can improve fisheries management signifi-
cantly, concentrating on single-species management even though
the models have other potential uses, including describing
essential habitats, estimating connectivity and dispersion for
closed areas, formulating metrics for estimating biodiversity, and
investigating anthropogenic effects (North et al., 2008;
Erftemeijer et al., 2009; Petitgas et al., 2010).
An attempt is also made to address how biophysical modelling
can assist management efforts in rebuilding fish stocks, looking at
how such models might help identify and understand bottom-up
factors influencing the reproductive success (early-life-stage
growth and survival) of marine fish, with emphasis on climate-
and environment-driven changes in atmospheric and hydrographic
forcing. The aim is not to provide an exhaustive summary of the
worldwide use of coupled biophysical models in marine systems
(for reviews, see Werner et al., 2001; Miller, 2007; North et al.,
2009), but to focus on the development and application of
individual-based models (IBMs) for selected fish stocks (anchovy,
cod, herring, plaice, and sprat) in four European ecosystems (Bay
of Biscay, North Sea, Barents Sea, and Baltic Sea). Specifically, we
(i) evaluate the utility of biophysical IBMs for understanding the
dynamics of early life stages of commercial fish, (ii) highlight how
process knowledge gained on the selected fish stocks has been inte-
grated into biophysical models, and (iii) comment on the fisheries
management utility of IBMs, especially their potential role in
developing recovery plans for overfished and depleted fish stocks.
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Model approaches: from simple to complex
Because a population must perpetuate itself, one of the first steps
in modelling stock dynamics is to understand the factors influen-
cing recruitment (Allain et al., 2007). Biophysical models allow an
exploration of the effects of key abiotic and biotic factors on the
growth and survival of early life stages by considering different
interacting factors, including temperature, light, turbulence,
current transport, and prey-field dynamics. They therefore
provide a valuable means of disentangling various mechanisms
affecting fisheries resources and their productivity by explicitly
considering and incorporating processes acting at various spatio-
temporal scales.
Many species use different locations for spawning, larval devel-
opment, nurseries, and adult feeding. Connections between these
different locations allow species to complete their life cycles.
Patterns of connectivity (as influenced by variable hydrographic
and atmospheric forcing conditions) influence the recruitment
success of fish stocks via changes in retention or dispersion of
larvae from spawning grounds to areas suitable (or unsuitable)
for subsequent survival (Werner et al., 1996; Heath and Gallego,
1997; Hinrichsen et al., 2002; Bolle et al., 2009).
Mesoscale transport processes have increasingly been studied
using three-dimensional hydrodynamic models, and such well-
validated models are now deemed essential in modelling early
life history (Gallego et al., 2007). However, the horizontal resol-
ution of these models has to be fine enough to capture the appro-
priate horizontal mixing processes prevailing in the study area, e.g.
smaller than the internal Rossby radius (Hinrichsen et al., 2002),
and wind-forced curl upwelling (Veneziani et al., 2009). In
addition, the vertical resolution must be fine enough to resolve
the vertical profiles of currents and diffusivity, and the temporal
resolution to resolve high-frequency processes such as tides
(Huret et al., 2007). Some recent models have used dispersion-
kernel analysis to simulate the transport of passively drifting
eggs and larvae and to provide statistically derived (quantifiable)
results of these drift patterns (Edwards et al., 2007; Peck et al.,
2009; Huret et al., 2010).
Modelling efforts investigating the causes of mortality of fish
larvae and juveniles have focused on the effects of advective and
trophodynamic processes (Werner et al., 1996; Hinrichsen et al.,
2002; Daewel et al., 2008). Subcomponents of these models have
been used to simulate the development of eggs and yolk-sac
larvae in relation to key abiotic factors, as well as the drift, foraging,
prey encounter, growth, and survival of feeding stages in specific
time-steps. Model outputs have included (i) survival-dependent
minimum rates of feeding and growth, (ii) days of starvation
(when the quantity of food ingested does not cover metabolic
costs), and (iii) the condition of larvae (weight) at specific lengths.
Within the four European systems investigated, biophysical
modelling has become an essential component of integrated
ocean-research efforts. The models have helped to identify the
key mechanisms behind recruitment variability. These mechan-
isms are based on the observed explanatory abiotic and biotic vari-
ables in relation to retrospective deductions from the models
about recruitment variation as the response variable. The utiliz-
ation of these models for the development of recovery plans of
depleted fish stocks is currently under discussion within different
fisheries assessment working groups of ICES. The applicability of
some model outputs is being tested, e.g. to assess the strength of
the recruitment of Baltic sprat.
Case studies
Bay of Biscay
The anchovy (Engraulis encrasicolus) is a short-lived species with
1-year-olds typically representing 70–80% of the adult population
within the Bay of Biscay. To derive a recruitment index for the
stock, an IBM was developed of larval growth and survival,
based on the analysis of daily rings in otoliths (Allain et al.,
2007). The growth model relates the daily increments in the
otolith to environmental covariates, i.e. temperature and a strati-
fication index. The IBM included mortality using a growth-
dependent survival threshold, defined as the minimum growth
rate at age observed among juvenile survivors. The IBM success-
fully predicted anchovy recruitment strength from 1997 to 1999
(Allain et al., 2007), and it has recently been updated with new
simulations covering a longer period (1998–2007). In the
new configuration, eggs and larvae are transported in a
4-km-resolution hydrodynamic model accounting for larval be-
haviour and vertical mixing (Huret et al., 2010), and growth is
modelled as a function of age and temperature, following Allain
et al. (2007). An annual index of potential survival was estimated,
then evaluated in explaining the variability of annual indices of
recruitment per unit of spawning-stock biomass (R/SSB;
Figure 1). Although the relationship was positive, there are years
when R/SSB proved to be poor, although potential survival was
good, suggesting that other factors not yet included in the
model, e.g. food limitation and spatially explicit predation,
might occasionally have a marked effect on anchovy recruitment.
The modelling results also provide information on key habitats
for spawning, as well as potential and realized early-life survival
within the Bay of Biscay (Figure 2). Areas of high potential survi-
val, i.e. those that contribute most to survival when spawning is
assumed to be homogeneous in space (entire bay) and time
(entire spawning season), were located over the mid-shelf,
whereas potential survival proved relatively low in a narrow strip
along the coast (Figure 2, left panels). Areas of realized survival
(Figure 2, middle panels) were obtained by incorporating knowl-
edge of the actual spawning areas by weighting potential survival
according to the spatio-temporal evolution of spawning observed
in the region. During the years simulated, realized survival was
highest offshore of the Gironde estuary at 45.588N, a key area
Figure 1. Bay of Biscay anchovy scatterplot of recruitment (R,
number of individuals in year y + 1) per unit of SSB (in year y) vs. a
calculated index of potential survival based on the output of an IBM
constructed for anchovy larvae (dashed line, standard regression;
solid lines, quantile regressions for q ¼ 0.1, q ¼ 0.5, and q ¼ 0.9).
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for both actual spawning and potential survival. Such map pro-
ducts could help define areas to protect because of their contri-
bution to recruitment. The IBM also provides the location of
survivors at a given age, indicating offshore aggregations of surviv-
ing juveniles in the south of the bay and also around the 100-m
isobath at mid-latitudes (Figure 2, right panels). This product
might be useful in identifying particular areas that need to be sur-
veyed to find specific life stages, for instance to derive a recruit-
ment index based on juvenile abundance. Variability in the
spawning areas contributing to potential and realized larval
survival was closely related to interannual variability of tempera-
ture, whereas the distribution of juveniles depended on circulation
patterns. The influence of population age structure on the distri-
bution of spawners (Petitgas et al., 2003) and survival of the result-
ing larvae could also be examined with the model. For
management purposes, IBM mortality estimates at the late larval
stage are currently being used as input to the spatially explicit
population dynamics model ISIS-Fish. Use of those estimates sig-
nificantly improved the performance of ISIS-Fish, in the sense that
it became more robust in evaluating population responses to
Figure 2. Bay of Biscay anchovy IBM estimates of the average distribution of potential survival (left, as a fraction of released particles per grid
cell × 100), of realized survival from the entire spawning area (centre, as a fraction of total spawning × 104), and of survivors (right, as a
fraction of released particles × 108) for 2002 (top), 2005 (centre), and as an average over the period 1998–2007 (bottom).
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spatial management measures under different biological scenarios
for stock recovery (Lehuta et al., 2010).
North Sea
The North Sea is a challenging ecosystem for modellers, because of
the large number of interacting species exhibiting different
responses to climate and other drivers (Mackinson et al., 2009;
Petitgas et al., 2009; Rijnsdorp et al., 2009). Detailed, physiologi-
cally based models of feeding and growth have recently been devel-
oped to examine possible bottom-up controls on the survival of
fish larvae (Peck and Daewel, 2007; Daewel et al., 2008). Daewel
et al. (2008, 2011) utilized coupled-model systems to identify
spawning areas that potentially contributed to the survival of
early life stages of sprat and cod. Their approach linked four
models: (i) a core hydrodynamic model, (ii) a particle-tracking
model, (iii) a physiologically based IBM for the foraging and
growth of larvae, and (iv) a lower-trophic-level model involving
nutrients, phytoplankton, zooplankton, and detritus (NPZD).
Several relevant processes are embedded within the coupled
models, including the direct effects of temperature and currents
on the energy requirements and distribution of early life stages,
and the indirect effects of climate-driven changes in physical
forcing (stratification, nutrient dynamics) on prey fields of fish
larvae. In the model, eggs were released throughout the North
Sea during the spawning periods of the two species (January–
April for cod; May–July for sprat). The model sought to address
the question of where adults had to spawn for their progeny to
survive by generating spatially explicit maps of habitats delineating
areas where early life stages had sufficient food (and experienced
favourable levels of biotic factors, such as temperature, light, and
turbulence) to survive and grow and those areas where larvae
would starve as a result of there being inadequate prey.
Predation pressure on early life stages was not included in these
modelling efforts.
By running the coupled-model system for different months and
years, the southern North Sea proved to be an important nursery
habitat for both cod and sprat, because the frontal zones in the area
promoted survival of the larvae (Figure 3a and c). For both species,
the spawning grounds predicted by the IBM–NPZD as favourable
for the survival of early larvae (Daewel et al., 2011) were largely in
accord with the observed positions of spawning grounds
(Figure 3b and d; Fox et al., 2008; Munk et al., 2009). The potential
survival of cod was greatest in relatively cold years, but the esti-
mates for sprat did not differ markedly between cold and warm
years (Daewel et al., 2011). The mechanisms for increased survival
of cod included increased prey concentration and favourable
Figure 3. North Sea cod (a and b) and sprat (c and d; adapted from Daewel et al., 2011) IBM–NPZD estimates of potential larval survival vs.
spawning location. For each species, model estimates are illustrated for 1992 (a and c) and the modelled values compared with observed egg
concentrations of cod (b; redrawn from ICES, 2005) and spawning locations of sprat (d; redrawn from Rogers et al., 2001).
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transport/drift routes. The latter appear as important factors in a
variety of IBMs created for other fish species in the North Sea, par-
ticularly those with specific habitat requirements for nursery
grounds. For example, changes in meteorology influenced
larval development and likely recruitment in the southern North
Sea through mediation of transport and sea temperature
(Dickey-Collas et al., 2009). The outputs from the biophysical
model on larval herring suggest a coincidence between years
with stronger retention (reduced transport) of larvae and year-
class strength. Finally, targeted research on the connectivity
between spawning sites and nearshore, shallow-water nursery
areas for flatfish has been examined for plaice (Pleuronectes platessa)
by Bolle et al. (2009). The timing and the relative magnitude of the
ingress of modelled plaice larvae to nearshore nursery areas agreed
with observations obtained from surveys of tidal flats (Figure 8 of
Bolle et al., 2009). An important aspect of that and other studies
examining transport and connectivity is the sensitivity of model
results to differences in the behaviour of larvae (Pineda et al.,
2007; North et al., 2009), highlighting future research needed to
increase the confidence in IBM transport and connectivity
estimates.
The current approaches applied to the North Sea provide infor-
mation on likely changes in fish stock productivity and in the car-
rying capacity of the ecosystem, information that can be integrated
directly into strategic evaluation of potential management plans
and into determining appropriate target and reference points. By
considering the dynamics of recruitment variability under
current and future environmental scenarios, coupled biophysical
models provide one of the missing links in our understanding of
stock–recruit relationships, by elucidating the connectivity of
life stages.
Barents Sea
The resources in the Barents Sea undergo short- and long-term
variations. A large spawning stock is often not sufficient to
ensure good recruitment, because natural mortality (particularly
of the early stages) might be highly variable in both time and
space. Consequently, it is challenging to provide reliable advice
on management measures that will dampen year-on-year vari-
ations in total catches and maximize sustainable yields.
To develop an ecosystem model that can simulate these stock
fluctuations, information is needed on (i) relevant parts of the
physical environment, (ii) temporal and spatial distributions of
prey and predators, and (iii) individual physiological and behav-
ioural responses to abiotic and biotic factors. The model must
then be validated against empirical observations (Kristiansen
et al., 2007).
In building IBMs for the larvae of Northeast Arctic cod and
Norwegian spring-spawning herring, the physical environment
of the Barents Sea ecosystem has been characterized using an
Regional Ocean Model System (ROMS) with an ice-module com-
ponent (Budgell, 2005). The horizontal resolution is 4 × 4 km,
and daily averages are calculated and archived. Vertical forcing is
effected using six-hourly information on ocean–atmosphere
heat exchange and windstress. This approach appears to capture
the main physical features of the habitats of the larvae of both
cod and herring (Vikebø et al., 2010). Downscaled IPCC
(International Panel on Climate Change) scenarios are available
for predicting future changes in the early life history of fish
(Vikebø et al., 2007a; Melsom et al., 2009). Other IBM activities
have focused on simulating growth-related processes (Fiksen and
MacKenzie, 2002; Folkvord, 2005; Kristiansen et al., 2007;
Vikebø et al., 2010), changes in spawning distribution (Sundby
and Nakken, 2008), and patterns of ichthyoplankton dispersal
(Vikebø et al., 2005, 2007b; Opdal et al., 2008). In addition, an
IBM of the copepod prey species Calanus finmarchicus (Huse,
2005) has been successfully coupled with an IBM for cod larvae
(Kristiansen et al., 2009). However, predation processes are not
yet fully understood, and if included, are only considered in a
simplistic manner (Vikebø et al., 2007b).
In terms of herring, a time-series analysis of observation and
biophysical modelling results suggest that early hatching dates
result in better survival (Figure 4), although the initial tempera-
tures experienced by larvae are lower than later in the season
(Husebø et al., 2009; Vikebø et al., 2010). The better survival of
early-hatched larvae might be caused partly by a smaller spatio-
temporal overlap with potential predators, along the drift route
from spawning areas to the nursery grounds. Northward displace-
ment of the larvae after 2 months was generally more noticeable
when hatching was early in the season, and this effect appears to
be more important for survival of larvae than ambient tempera-
ture (Figure 4). The model also revealed that transport was
faster at shallow depths than deeper. Identifying the temporal
and spatial distributions of the prey and predators of cod and
herring larvae is essential if the existing models are to be improved
and recruitment predictions enhanced.
Baltic Sea
For Baltic sprat, survival during the late larva and early juvenile
stages is crucial for recruitment success (Ko¨ster et al., 2005;
Baumann et al., 2006). As an aid in predicting interannual recruit-
ment variability, a proxy representing larval transport from deep
spawning basins to the coast has been developed, based on detailed
drift-model simulations (Hinrichsen et al., 2006). Together with
SSB, the index explained 82% of the annual recruitment variability
of sprat (Baumann et al., 2006), suggesting that poor recruitment is
associated with a strong larval displacement towards the coast and
that recruitment is better in years when larvae are retained mainly
within the deep basins. Relationships among environmental
factors, spawner biomass, and recruitment have been used to simu-
late how Baltic sprat react to exploitation intensity and the variabil-
ity in atmospheric forcing. Hindcast simulations (Figure 5) could
mimic real annual recruitment with a high degree of accuracy.
However, before this approach is included in stock–recruitment
models, the underlying biological processes need to be resolved
better. Nevertheless, use of the drift proxy is promising for project-
ing sprat recruitment, because it requires few data, is easy to use,
and can be validated quantitatively (Hannah, 2007).
For eastern Baltic cod, the spatial distribution of larvae and
early juveniles was examined using a hydrodynamic model
(Hinrichsen et al., 2009). The results revealed that successful settle-
ment of the juveniles depended on wind-induced drift of the larvae
(Figure 6). The characteristics of surviving juveniles have been
investigated by otolith microstructure analysis and backtracking
the drift via hydrodynamic modelling (Huwer, 2009).
Back-calculated hatching locations of pelagic juvenile cod were
characterized using various factors, including water depth, survival
probability derived from an IBM (Hinrichsen et al., 2002), and the
extent of a marine protected area (MPA) in the Bornholm Basin.
Back-calculated hatching locations (Figure 7a) were generally dis-
tributed around the edge (60–80 m isobaths) of the Bornholm
Basin spawning area, with only a modest percentage (18%) lying
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within the deep portion of the Basin. Centres of the survivor origin
were located north and east of Bornholm and at the southern edge
of the Basin. Comparing the observed survivor origin in 2000
(Figure 7a) with the average survival probability of cod larvae
obtained when the simulated abundance of Pseudocalanus
acuspes was low (Figure 7b) is revealing in its agreement. High
probabilities of simulated cod larva survival were associated with
distinct centres of origin in the northwestern parts of the spawning
ground, both north and east of Bornholm Island.
Huwer’s (2009) back-calculation approach may be used to
evaluate potential sites for MPAs to restore the Baltic cod stock.
As illustrated in Figure 7a, only few juvenile survivors (26%) orig-
inate in the current MPA and fewer still (6%) in the central part,
which was protected by the MPA. Therefore, given current
environmental conditions in the Baltic (characterized by stagna-
tion and declining salinities), the current location of the
Bornholm Basin MPA seems to have limited potential for enhan-
cing the Baltic cod stock by protecting spawning aggregations.
Biophysical modelling results suggest that spawning locations
outside the MPA, particularly those in the northwestern
Bornholm Basin, exhibit the greatest probability for enhanced sur-
vival of cod larvae and subsequent recruitment to the stock.
Nonetheless, the influence of the MPA on factors such as egg pro-
duction (Hinrichsen et al., 2007) and fishing mortality of adults
(Kraus et al., 2009), as well as interactions with other conservation
measures (e.g. seasonal closures), need to be considered.
Summary and conclusions
Coupled biophysical models have proved to have great potential
for use in fisheries management. Their utility includes estimating
the connectivity within stocks, the transport of larval and early
juvenile stages, and spatio-temporal differences in potential survi-
val. Although transport processes in marine ecosystems are usually
assumed to be relevant over relatively large spatial scales (Reiss
et al., 2009), marine fish populations are often demographically
structured at smaller spatial scales (Sinclair, 1988; Jones et al.,
2005; Cowen et al., 2006). These types of model could improve
simulations of within-population variability and ecosystem
dynamics (Miller, 2007).
Coupled models have markedly advanced our understanding of
the important biophysical processes regulating the productivity of
fish stocks, by revealing the effects of temperature and prey fields
on the transport of early life stages, survival, and the settlement
probability of juvenile fish, and allowing the quantification of
spatio-temporal scales of connectivity within fish stocks
(Palumbi, 2001; Cowen et al., 2003; Kell et al., 2009). They
Figure 5. Baltic sprat time-series of observed and modelled
recruitments based on hindcasting, 1979–2003.
Figure 4. Norwegian spring-spawning herring: mean hatch day, simulated annual average latitude after 60 d of drift, and average ambient
temperature encountered, 1989–2008. Years for which enhanced survival was observed are shaded (redrawn from Vikebø et al., 2010).
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could also help to validate some of the biological assumptions
underlying general fisheries models or be used to evaluate the
effectiveness of management measures such as closed areas. In
some cases, the results can be incorporated in stock–recruitment
relationships or provide information relevant to scenario- and
hypothesis-testing (Miller, 2007).
Overall, biophysical modelling results can shed light on
whether stock management frameworks need to be re-evaluated.
As stock assessment and projection tools develop, it should
become easier to include additional environmental and ecological
information into models of population dynamics (Aarts and Poos,
2009) using Bayesian methods, statistical catch-at-age models (Kell
et al., 2007), and other approaches. Existing tools for management
strategy evaluation, such as ATLANTIS (Fulton et al., 2007), can
already incorporate spatially explicit estimates of distributions of
early life stages, as well as information on areas supporting their
growth and survival.
An important utility of biophysical models is that, by incorpor-
ating high-resolution (temporal and spatial) sets of oceanographic
data, they can be used to hindcast likely developments that have
not been observed directly. These datasets, most of which are
freely available, combined with existing empirical datasets (typi-
cally from surveys), allow detailed analyses of ecological and
environmental interactions and may be used to describe suitable
habitats and probable distributions of cohorts (Ro¨ckmann et al.,
2011). Few areas on the European continental shelf now lack phys-
ical oceanographic data at the scale or resolution relevant to their
application in this type of modelling study.
In future, approaches that combine observation, process
knowledge, and numerical modelling will be a promising way
Figure 6. Baltic sprat wind-induced variability of potential nursery
areas produced by Bornholm Basin spawners during periods having a
(a) high or (b) low Baltic Sea Index (BSI: high during periods of high
westerly winds, low during periods of high easterly winds).
Figure 7. Baltic cod spawning activity and survival success of early
life stages in the Bornholm Basin: (a) back-calculated hatching
positions of pelagic juvenile survivors (colour scale) and location of
the MPA (thick black line, current extent; thick dashed line, extent in
2000; thin grey line, 60 m isobath; thin dashed line, 80 m isobath); (b)
average survival probability of larvae based on an IBM simulation
utilizing low abundances of P. acuspes nauplii (redrawn after
Hinrichsen et al., 2002).
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forward in simulating the dynamics of marine fish populations
and in increasing our understanding of their dynamics.
Operationally, this can be pursued by coupling the early-life-stage
transport patterns obtained from online hydrodynamic models to
continuing (and perhaps real time) field-sampling programmes.
Philosophically, the overarching challenge will be to work back
from complex coupled ecosystem models to crafting relevant
and easily understood management advice or to use a phrase of
Elizabeth North (University of Maryland, MD, USA, pers.
comm.): “turning the gigabytes of information from a coupled
biophysical model into a simple spreadsheet table of options for
managers”. As such, the modelling results will have to be transpar-
ent for managers, scientists, stakeholders, and other users to
ensure that the results are interpreted correctly and applied appro-
priately. The strongest approach will be an amalgam of infor-
mation obtained from laboratory, field, and modelling studies
(Gallego et al., 2007).
Acknowledgements
We thank the researchers who contributed to the development of
the biophysical models utilized within the UNCOVER
(UNderstanding the mechanisms of stock reCOVERy) programme
(EU FP 6), including Marc Hufnagl, Ute Daewel, Christoph
Petereit, and Matthias Schaber, and Fred Serchuk and Niels
Daan for their helpful editorial comments on an earlier version
of this manuscript. The study was carried out with financial
support from the Commission of the European Communities as
a contribution to FP6 Specific Targeted Research Projects
513670 (PROTECT), 044133 (RECLAIM), and 022717
(UNCOVER). The paper does not necessarily reflect the views of
the Commission.
References
Aarts, G., and Poos, J. J. 2009. Comprehensive discard reconstruction
and abundance estimation using flexible selectivity functions. ICES
Journal of Marine Science, 66: 763–771.
Allain, G., Petitgas, P., Lazure, P., and Grellier, P. 2007. Biophysical
modelling of larval drift, growth and survival for the prediction
of anchovy (Engraulis encrasicolus) recruitment in the Bay of
Biscay (NE Atlantic). Fisheries Oceanography, 16: 489–505.
Basson, M. 1999. The importance of environmental factors in the
design of management procedures. ICES Journal of Marine
Science, 56: 933–942.
Baumann, H., Hinrichsen, H-H., Mo¨llmann, C., Ko¨ster, F. W.,
Malzahn, A. M., and Temming, A. 2006. Recruitment variability
in Baltic sprat (Sprattus sprattus) is tightly coupled to temperature
and transport patterns affecting the larval and early juvenile stages.
Canadian Journal of Fisheries and Aquatic Sciences, 63:
2191–2201.
Bolle, L. J., Dickey-Collas, M., van Beek, J. K. L., Erftemeijer, P. L. A.,
Witte, J. I. J., van der Veer, H. W., and Rijnsdorp, A. D. 2009.
Variability in transport of fish eggs and larvae. 3. Effects of hydro-
dynamics and larval behaviour on recruitment in plaice. Marine
Ecology Progress Series, 390: 195–211.
Budgell, W. P. 2005. Numerical simulation of ice-ocean variability in
the Barents Sea region. Towards dynamical downscaling. Ocean
Dynamics, 55: 370–387.
Cowen, R. K., Paris, C. B., Olson, D. B., and Fortuna, J. L. 2003. The
role of long distance dispersal versus local retention in replenishing
marine populations. Gulf and Caribbean Research, 14: 129–137.
Cowen, R. K., Paris, C. B., and Srinivasan, A. 2006. Scaling of connec-
tivity in marine populations. Science, 311: 522–527.
Daewel, U., Peck, M. A., Kuhn, W., St John, M. A., Alekseeva, I., and
Schrum, C. 2008. Coupling ecosystem and individual-based
models to simulate the influence of environmental variability on
potential growth and survival of larval sprat (Sprattus sprattus L.)
in the North Sea. Fisheries Oceanography, 17: 333–351.
Daewel, U., Peck, M. A., and Schrum, C. 2011. Life history strategy and
impacts of environmental variability on early life stages of two
marine fishes in the North Sea: an individual-based modelling
approach. Canadian Journal of Fisheries and Aquatic Sciences,
68: 426–443.
De Oliveira, J. A. A., Roel, B. A., and Dickey-Collas, M. 2006.
Investigating the use of proxies for fecundity to improve manage-
ment advice for western horse mackerel Trachurus trachurus. ICES
Journal of Marine Science, 63: 25–35.
Dickey-Collas, M., Bolle, L. J., van Beek, J. K. L., and Erftemeijer,
P. L. A. 2009. Variability in transport of fish eggs and
larvae. 2. Effects of hydrodynamics on the transport of
Downs herring larvae. Marine Ecology Progress Series, 390:
183–194.
Edwards, K. P., Hare, J. A., Werner, F. E., and Seim, H. 2007. Using
2-dimensional dispersal kernels to identify the dominant influ-
ences on larval dispersal on continental shelves. Marine Ecology
Progress Series, 352: 77–87.
Erftemeijer, P. L. A., van Beek, J. K. L., Bolle, L. J., Dickey-Collas, M.,
and Los, H. F. J. 2009. Variability in transport of fish eggs and
larvae. 1. Modelling the effects of coastal reclamation. Marine
Ecology Progress Series, 390: 167–181.
Fiksen, Ø., and MacKenzie, B. R. 2002. Process-based models of
feeding and prey selection in larval fish. Marine Ecology Progress
Series, 243: 151–164.
Folkvord, A. 2005. Comparison of size-at-age of larval Atlantic cod
(Gadus morhua) from different populations based on size- and
temperature-dependent growth models. Canadian Journal of
Fisheries and Aquatic Sciences, 62: 1037–1052.
Fox, C. J., Taylor, M., Dickey-Collas, M., Fossum, P., Kraus, G., Rohlf,
N., Munk, P., et al. 2008. Mapping North Sea cod (Gadus morhua)
spawning grounds using direct and indirect methods. Proceedings
of the Royal Society of London, Series B, 275: 1543–1548.
Fulton, E. A., Smith, A. D. M., and Smith, D. C. 2007. Alternative
management strategies for southeast Australian commonwealth
fisheries: stage 2: quantitative management strategy evaluation.
Australian Fisheries Management Report.
Gallego, A., North, E. W., and Petitgas, P. 2007. Introduction: status
and future of modelling physical–biological interactions during
the early life of fishes. Marine Ecology Progress Series, 347:
121–126.
Hannah, C. G. 2007. Future directions in modelling physical–biologi-
cal interactions. Marine Ecology Progress Series, 347: 301–306.
Heath, M., and Gallego, A. 1997. From the biology of the individual to
the dynamics of the population: bridging the gap in fish early life
studies. Journal of Fish Biology, 51(Suppl. A): 1–29.
Hinrichsen, H-H., Kraus, G., Bo¨ttcher, U., and Ko¨ster, F. 2009.
Identifying eastern Baltic cod nursery grounds using hydrodyn-
amic modelling: knowledge for the design of marine protected
areas. ICES Journal of Marine Science, 66: 101–108.
Hinrichsen, H-H., Kraus, G., Voss, R., Stepputtis, D., and Baumann,
H. 2006. The general distribution of pattern and mixing probability
of Baltic sprat juvenile populations. Journal of Marine Systems, 58:
52–66.
Hinrichsen, H-H., Mo¨llmann, C., Voss, R., Ko¨ster, F. W., and
Kornilovs, G. 2002. Biophysical modelling of larval Baltic cod
(Gadus morhua) growth and survival. Canadian Journal of
Fisheries and Aquatic Sciences, 59: 1858–1873.
Hinrichsen, H-H., Voss, R., Wieland, K., Ko¨ster, F., Andersen, K. H.,
and Margonski, P. 2007. Spatial and temporal heterogeneity of
the cod spawning environment in the Bornholm Basin, Baltic
Sea. Marine Ecology Progress Series, 345: 245–254.
Huret, M., Petitgas, P., and Woillez, M. 2010. Dispersal kernels and
their drivers captured with a hydrodynamic model and spatial
Coupled biophysical models for fishery management 1485
 at Leibniz-Institut fur M






indices: a case study on anchovy (Engraulis encrasicolus) early life
stages in the Bay of Biscay. Progress in Oceanography, 87: 6–17.
Huret, M., Runge, J. A., Chen, C., Cowles, G., Xue, Q., and Pringle, J.
M. 2007. Dispersal modeling of fish early life stages: sensitivity with
application to Atlantic cod in the western Gulf of Maine. Marine
Ecology Progress Series, 347: 261–274.
Huse, G. 2005. Artificial evolution of Calanus’ life history strategies
under different predation levels. GLOBEC Newsletter, 11: 19.
Husebø, A˚., Stenevik, E. K., Slotte, A., Fossum, P., Salthaug, A.,
Vikebø, F., Aanes, S., et al. 2009. Effects of hatching time on year-
class strength in Norwegian spring-spawning herring (Clupea har-
engus). ICES Journal of Marine Science, 66: 1710–1717.
Huwer, B. 2009. The recruitment process in Baltic cod: spatiotemporal
variation in starvation and predation during early life stages with
special consideration of the invasive ctenophore Mnemiopsis
leidyi. Thesis, Faculty of Science Aarhus University and National
Institute of Aquatic Resources Technical University of Denmark,
Charlottenlund Slot, Denmark. 210 pp.
ICES. 2005. Spawning and life history information for North Atlantic
cod stocks. ICES Cooperative Research Report, 274. 152 pp.
Jones, G. P., Planes, S., and Thorrold, S. R. 2005. Coral reef fish larvae
settle close to home. Current Biology, 15: 1314–1318.
Kell, L. T., Dickey-Collas, M., Hintzen, N. T., Nash, R. D. M., Pilling,
G. M., and Roel, B. A. 2009. Lumpers or splitters? Evaluating recov-
ery and management plans for metapopulations of herring. ICES
Journal of Marine Science, 66: 1776–1783.
Kell, L. T., Mosqueira, I., Grosjean, P., Fromentin, J-M., Garcia, D.,
Hillary, R., Jardim, E., et al. 2007. FLR: an open-source framework
for the evaluation and development of management strategies.
ICES Journal of Marine Science, 64: 640–646.
Ko¨ster, F. W., Mo¨llmann, C., Hinrichsen, H-H., Wieland, K.,
Tomkiewicz, J., Kraus, G., Voss, R., et al. 2005. Baltic cod
recruitment—the impact of climate variability on key processes.
ICES Journal of Marine Science, 62: 1408–1425.
Ko¨ster, F. W., Vinther, M., MacKenzie, B. R., Eero, M., and Plikshs, M.
2009. Environmental effects on recruitment and implications for
biological reference points of eastern Baltic cod (Gadus morhua).
Journal of Northwest Atlantic Fishery Science, 41: 205–220.
Kraus, G., Pelletier, D., Dubreuil, J., Mo¨llmann, C., Hinrichsen, H-H.,
Bastardie, F., Vermard, Y., et al. 2009. A model-based evaluation of
marine protected areas: the example of eastern Baltic cod (Gadus
morhua callarias). ICES Journal of Marine Science, 66: 109–121.
Kristiansen, T., Fiksen, Ø., and Folkvord, A. 2007. Modelling feeding,
growth and habitat selection in larval Atlantic cod (Gadus morhua):
observations and model predictions in a macrocosm environment.
Canadian Journal of Fisheries and Aquatic Sciences, 64: 136–151.
Kristiansen, T., Vikebø, F., Sundby, S., Huse, G., and Fiksen, Ø. 2009.
Modeling growth of larval cod (Gadus morhua) in large-scale seaso-
nal and latitudinal environmental gradients. Deep Sea Research II,
56: 2001–2011.
Lehuta, S., Mahe´vas, S., Petitgas, P., and Pelletier, D. 2010. Combining
sensitivity and uncertainty analysis to evaluate the impact of man-
agement measures with ISIS–Fish: marine protected areas for the
Bay of Biscay anchovy (Engraulis encrasicolus) fishery. ICES
Journal of Marine Science, 67: 1063–1075.
Mackinson, S., Deas, B., Beveridge, D., and Casey, J. 2009.
Mixed-fishery or ecosystem conundrum? Multispecies consider-
ations inform thinking on long-term management of North Sea
demersal stocks. Canadian Journal of Fisheries and Aquatic
Sciences, 66: 1107–1129.
Melsom, A., Lien, V. S., and Budgell, W. P. 2009. Using the Regional
Ocean Modeling System (ROMS) to improve the ocean circulation
from a GCM 20th century simulation. Ocean Dynamics, 59:
969–981.
Miller, T. J. 2007. Contribution of individual-based coupled physical–
biological models to understanding recruitment in marine fish
populations. Marine Ecology Progress Series, 347: 127–138.
Morgan, M. J. 2008. Integrating reproductive biology into scientific
advice for fisheries management. Journal of Northwest Atlantic
Fishery Science, 41: 37–51.
Munk, P., Fox, C. J., Bolle, L. J., van Damme, C. J. G., Fossum, P., and
Kraus, G. 2009. Spawning of North Sea fishes linked to hydro-
graphic features. Fisheries Oceanography, 18: 458–469.
Nash, R. D. M., Kjesbu, O. S., Trippel, E. A., Finden, H., and Geffen,
A. J. 2008. Potential variability in the paternal contribution to stock
reproductive potential of Northeast Arctic cod (Gadus morhua).
Journal of Northwest Atlantic Fishery Science, 41: 71–83.
North, E. W., Gallego, A., and Petitgas, P. 2009. Manual of rec-
ommended practices for modelling physical–biological inter-
actions during fish early life. ICES Cooperative Research Report,
295. 112 pp.
North, E. W., Schlag, Z., Hood, R. R., Li, M., Zhong, L., Gross, T., and
Kennedy, V. S. 2008. Vertical swimming behavior influences the
dispersal of simulated oyster larvae in a coupled particle-tracking
and hydrodynamic model of Chesapeake Bay. Marine Ecology
Progress Series, 359: 99–115.
Opdal, A. F., Vikebø, F. B., and Fiksen, Ø. 2008. Relationships between
spawning ground identity and early life thermal exposure in
Northeast Arctic cod? Journal of Northwest Atlantic Fishery
Science, 41: 13–22.
Palumbi, S. R. 2001. The ecology of marine protected areas. InMarine
Community Ecology, pp. 509–530. Ed. by M. D. Bertness, S. D.
Gaines, and M. E. Hay. Sinauer Press, Sunderland, MA.
Peck, M. A., and Daewel, U. 2007. Physiologically based limits to food
consumption, and individual-based modeling of foraging and
growth of larval fishes. Marine Ecology Progress Series, 347:
171–183.
Peck, M. A., Ku¨hn, W., Hinrichsen, H-H., and Pohlmann, T. 2009.
Inter-annual and inter-specific differences in the drift of fish eggs
and yolksac larvae in the North Sea: a biophysical modelling
approach. Scientia Marina, 73(Suppl. 1): 23–36.
Petitgas, P., Huret, M., Le´ger, F., Peck, M. A., Dickey-Collas, M., and
Rijnsdorp, A. D. 2009. Patterns and schedules in hindcasted
environments and fish life cycles. ICES Document CM 2009/E:
25. 12 pp.
Petitgas, P., Masse´, J., Grellier, P., and Beillois, P. 2003. Variation in the
spatial distribution of fish length: a multi-annual geostatistics
approach on anchovy in Biscay 1983–2002. ICES Document CM
2003/Q: 15. 14 pp.
Petitgas, P., Secor, D. H., McQuinn, I., Huse, G., and Lo, N. 2010.
Stock collapses and their recovery: mechanisms that establish and
maintain lifecycle closure in space and time. ICES Journal of
Marine Science, 67: 1841–1848.
Pineda, J., Hare, J. A., and Sponaugle, S. 2007. Transport and dispersal
in the coastal ocean and consequences for population connectivity.
Oceanography, 20: 22–39.
Reiss, H., Hoarau, G., Dickey-Collas, M., and Wolff, W. J. 2009.
Genetic population structure of marine fish: mismatch between
biological and fisheries management units. Fish and Fisheries, 10:
361–395.
Rice, J. C. 2009. A generalization of the three-stage model for advice
using the precautionary approach in fisheries, to apply broadly
to ecosystem properties and pressures. ICES Journal of Marine
Science, 66: 433–444.
Rijnsdorp, A. D., Peck, M. A., Engelhard, G. H., Mo¨llmann, C., and
Pinnegar, J. K. 2009. Resolving the effect of climate change on
fish populations. ICES Journal of Marine Science, 66: 1570–1583.
Ro¨ckmann, C., Dickey-Collas, M., Payne, M. R., and van Hal, R. 2011.
Realized habitats of early-stage North Sea herring: looking for
signals of environmental change. ICES Journal of Marine
Science, 68: 537–546.
Rogers, S., Stocks, R., and Newton, A. 2001. North Sea Fish and
Fisheries. Technical Report TR 003 produced for Strategic
Environmental Assessment, SEA2. 72 pp.
1486 H-H. Hinrichsen et al.
 at Leibniz-Institut fur M






Sinclair, M. 1988. Marine Populations. An Essay on Population
Regulation and Speciation. Washington Sea Grant Program,
University of Washington Press, Seattle. 252 pp.
Sundby, S., and Nakken, O. 2008. Spatial shifts in spawning habitats of
Arcto-Norwegian cod related to multidecadal climate oscillations
and climate change. ICES Journal of Marine Science, 65: 953–962.
Veneziani, M., Edwards, C. A., Doyle, J. D., and Foley, D. 2009.
A central California coastal ocean modeling study. 1. Forward
model and the influence of realistic versus climatological forcing.
Journal of Geophysical Research (Oceans), 114: C04015.
Vikebø, F., Jørgensen, C., Kristiansen, T., and Fiksen, Ø. 2007b. Drift,
growth and survival of larval Northeast Arctic cod with simple
rules of behaviour. Marine Ecology Progress Series, 347: 207–219.
Vikebø, F., Sundby, S., A˚dlandsvik, B., and Fiksen, Ø. 2005. The com-
bined effect of transport and temperature on distribution and
growth of larvae and pelagic juveniles of Arcto-Norwegian cod.
ICES Journal of Marine Science, 62: 1375–1386.
Vikebø, F., Sundby, S., A˚dlandsvik, B., and Ottera˚, O. 2007a. Impacts
of a reduced thermohaline circulation on transport and growth of
larvae and pelagic juveniles of Arcto-Norwegian cod (Gadus
morhua). Fisheries Oceanography, 16: 216–228.
Vikebø, F. B., Husebø, A˚., Slotte, A., Stenevik, E. K., and Lien, V. S.
2010. Effect of hatching date, vertical distribution, and interannual
variation in physical forcing on northward displacement and temp-
erature conditions of Norwegian spring-spawning herring larvae.
ICES Journal of Marine Science, 67: 1948–1956.
Werner, F. E., Perry, R. I., Lough, R. G., and Naimie, C. E. 1996.
Trophodynamics and advective influences on Georges
Bank larval cod and haddock. Deep Sea Research II, 43:
1793–1822.
Werner, F. E., Quinlan, J. A., Lough, R. G., and Lynch, D. R. 2001.
Spatially-explicit individual based modeling of marine popu-
lations: a review of the advances in the 1990s. Sarsia, 86:
411–421.
Coupled biophysical models for fishery management 1487
 at Leibniz-Institut fur M
eereswissenschaften on August 31, 2011
icesjms.oxfordjournals.org
D
ow
nloaded from
 
